We report on the burst-mode operation of a polarization-maintaining Yb-doped multi-stage all-fiber amplifier capable of generating 10-pulse 100 ns long bursts of 400 μJ total energy. The corresponding average energy per pulse is 40 μJ, with a standard deviation of 16%. The 40 μJ pulses are compressible to a full width at half-maximum of 500 fs. The burst repetition rate is set to 1 kHz and the amplifier is synchronously pulse pumped to minimize amplified spontaneous emission (ASE) between the bursts. A special amplifier design has been developed to suppress ASE further at the cost of lower power efficiency. A detailed investigation of gain and ASE suppression performance of the amplifier in relation to pulsed pumping is presented.
INTRODUCTION
There is much interest in fiber amplification of ultrashort pulses, which offers practical advantages such as low-cost, highly robust operation and high-gain amplification [1] [2] [3] [4] . These aspects are particularly important for material [5] and tissue [6] processing, in industrial, medical, and scientific settings, outside the laser research laboratory. Despite tremendous technical improvements, particularly in terms of pulse energy and average power, the essentials of laser material processing have changed little: The overwhelming majority of the fibers, as well as solid state lasers, rely on a train of identical pulses with constant temporal spacing, which is not necessarily ideal.
Lapczyna et al. have demonstrated a powerful alternative, where the laser amplifier produces a group of a limited number of high-repetition rate pulses, called a burst, which itself is repeated at a much lower repetition rate [7] . For a long time, burst-mode operation has been confined to diverse, but niche applications, including laser systems in accelerators [8, 9] , combustion diagnostics [10] , flow measurements in aerodynamics [11] , Thomson scattering experiments [12] , pulsed laser deposition [13] , and photoacoustic microscopy [14] . This was presumably because of the lack of suitable laser sources that can operate in this mode, which is slowly changing in recent years. Until recently, burst-mode laser systems have relied on solid state lasers, with architectures that were not optimized for burst operation. In 2011, we demonstrated the first fiber laser designed to operate in the burst mode [15] and advanced it further with highly uniform intra-burst pulse energy distribution, enabled by advanced electronic synchronization and electronic signal burst preshaping [16] . This was followed by the demonstration of a rod-type fiber amplifier by Breitkopf et al. [17] . We have recently scaled the repetition rate to 1 MHz and average power to 100 W for material processing applications [18] .
A burst of closely spaced pulses can have an effect similar to that of a single pulse of energy equal to that of the entire burst during its interaction with a given material [19] . In [20] , Knappe et al. report a sixfold increase in material ablation rates with six lower energy pulses separated by 20 ns, compared to a single pulse with energy equal to the sum of the burst. Particularly exciting opportunities abound in medical applications, where the possibility to utilize lower pulse energies to achieve a certain effect has major benefits in terms of lower heat deposition, reduced collateral damage, and eventually decreased possibility of medical complications. Marjoribanks and coworkers have recently reported the first results on burst-mode tissue processing [21, 22] , which clearly demonstrate that the temporal properties of the burst envelope constitute effective additional degrees of freedom, which can be used to optimize material ablation while keeping thermal effects minimized. This can be understood by recalling that thermal effects depend predominantly on the average power or average fluence, while material ablation depends on the peak intensity. Thus, strength of the thermal effects can be controlled through controlling the burst repetition rate, while ablation efficiency can be kept high through the use of high repetition rate and high energy pulses inside the burst.
Given the great potential of burst-mode operation in future medical applications and material processing, which has already been implemented by various industrial systems, it is essential to understand the limitations on essential burst-mode parameters imposed by the laser physics. In particular, amplified spontaneous emission (ASE) generation is a major concern because of the burst repetition rate being typically in the kHz regime or even lower. Furthermore, because of the typically short durations of the burst, pumping cannot repopulate the upper state of the gain medium appreciably during the amplification of the pulse burst. Thus, the gain experienced by the pulse burst is almost entirely because of the pump absorbed prior to the arrival of the burst. Because of ASE, there is a limit to how early pumping can commence with respect to the arrival of the burst, which consequently limits, in practice, the amount of energy that can be stored. This limit depends also on the length of the gain medium. As a result, multiple trade-offs exist between keeping ASE low and burst energy high against keeping the gain medium sufficiently long for efficient pump absorption. Yet another concern is the desire to minimize the length of the gain fiber to minimize nonlinear effects.
In this contribution, we report the demonstration and detailed characterization of an all-fiber burst-mode Yb fiber amplifier with multi-stage (nine stages) amplification aiming to suppress ASE at a low repetition rate while employing a chirped fiber Bragg grating (CFBG) for a pulse stretcher with a stretching ratio of ∼1000. The CFBG is designed to match an 1800 line∕mm transmission grating. This system is able to amplify 10-pulse bursts of 100 ns duration each to 400 μJ total energy. The individual pulses of 40 μJ average energy are compressed to 500 fs with a 1800 line∕mm grating compressor. The burst repetition rate is 1 kHz and the intra-burst pulse repetition rate is 100 MHz as determined by the seed oscillator. The amplifier system has a highly cascaded fiber integrated architecture designed to achieve high energy bursts made of high energy pulses at low burst repetition rates while suppressing ASE. Hence, ASE is carefully monitored at various stages and the output and pulsed pumping parameters are optimized to achieve the highest signal to ASE ratio. The gain performance and energy extraction limitations of the system are investigated for short duration bursts (<500 ns) desired for high per pulse energy.
EXPERIMENTAL SETUP
The experimental setup (Fig. 1) consists of an all-normal dispersion (ANDi) laser oscillator [23] , seeding six stages of core pumped fiber preamplifiers, a three-stage double-clad (DC) fiber power amplifier, as well as synchronized pulse picking and pulsed pumping electronics. The overall, Yb all-fiber master oscillator power amplifier architecture is based on the design in [24] . The first three stages of preamplifiers utilize continuous pumping while the latter three, which are positioned after the acousto-optic modulator (AOM), incorporate pulsed pumping. The 100 MHz fiber oscillator outputs ∼130 mW with a spectrum 16 nm wide and centered at 1035 nm which is polarized by a polarization dependent isolator. From this point on, the system consists only of polarization maintaining (PM) components. The seed pulses are stretched to 2.3 ns in a CFBG, which replaced the stretch fiber which was increased to 2.6 km from 450 m to mitigate undesired nonlinear effects that occurred when the system was revised to its current multi-stage state. The CFBG is designed to match a compressor consisting of a pair of 1800 l∕mm transmission gratings with a separation of 70 cm at an incidence angle of 69°. The seed signal drops down to 15 mW and the spectrum becomes 21 nm wide [inset of Fig. 2(d) ] at the output of the pulse stretching unit made of a circulator and the CFBG. Thereafter, it is amplified by three stages of preamplifiers to nearly 1 W before entering the AOM. The preamplifiers are pumped continuously at 976 nm, each with 500 mW and the length of the gain fiber in each preamplifier is chosen in a decreasing order (85, 60, and 40 cm) with the increasing signal at each stage such that the level of amplification is close to an optimum value. The AOM, which imprints the desired pulse burst envelope onto the signal, has a 2.3 dB insertion loss, 50 dB extinction, and rise and fall times of 6 and 8 ns. At the output of the AOM, the signal power decreases to a mere 0.04 mW for 10-pulse bursts repeated at 1 kHz, corresponding to 40 nJ of burst energy and an average energy of 4 nJ per pulse. Next, the bursts are amplified in six stages of pulsed amplification, for which the pump pulses need to be tightly synchronized with the seed signal to keep noise low. Comparatively short gain fibers are used in the three-stage pulsed preamplifier following the AOM to suppress ASE generation. The power amplifier at the end of the system also consists of three stages, the first two forward pumped and the final one backward pumped, which employ one, two, and three 25 W pump diodes, respectively. The three stages contain Yb-1200-DC-20/125PM (nLight, Inc.) as gain fiber with lengths of 1.3, 0.8, and 0.8 m in respective order, each shorter than that required for high efficiency in continuous pumping regime. The details pertaining to the double-clad (DC) gain fiber, including the typical spatial mode quality can be found in our earlier work [25] .
The pulse picking and the pulsed pumping processes are both synchronized using a signal derived from the 100 MHz oscillator and managed by a field programmable gated array (FPGA) circuit. The FPGA circuit is triggered by the RF signal derived from the optical pulse train produced by the oscillator signal. This low jitter signal [26] is low-pass filtered to retain only the fundamental frequency of 100 MHz, which is used as the internal clock signal of the FPGA, ensuring the tightest possible synchronization allowed with the hardware limitations of an FPGA. The FPGA, in turn, triggers three arbitrary waveform generators (AWG), one of which drives the AOM and the other two providing pulses to diode drivers, which are capable of pulsed operation. The signal to the AOM is delayed with respect to the diode drivers by an adjustable amount. We set the value of this delay, such that the signal burst arrives precisely at the very end of the much longer pump pulse. The AWGs, in combination with the FPGA, allow us to adjust the durations of the pump pulses to maximize burst energy while suppressing ASE as much as possible. In addition, burst duration and the burst repetition frequency can be adjusted freely, although we are reporting here only results with 10 pulses within each burst.
RESULTS AND DISCUSSION
After optimization of all the signal durations and frequencies, the system was able to amplify 100 ns long 10-pulse bursts to a net energy of 400 μJ at a burst repetition rate of 1 kHz indicating an average per pulse energy of 40 μJ. The temporal profile of the pulse train for 400 μJ bursts is shown in Fig. 2(a) . The corresponding RF spectra recorded over a span of 50 MHz, centered at 100 MHz, show the RF comb generated by the burst system [lower panel of Fig. 2(b) ]. Here, the 3 dB width of the main lobe is 10 MHz, which is consistent with the duration of the burst envelope (100 ns, in this case). Thus, the frequency domain representation of a train of pulse bursts constitutes a comb with 1 kHz internal spacing, corresponding to the burst repetition frequency, under an envelope determined by the temporal shape of the burst envelope. Note that the comb lines are actually much denser than those displayed in the figure, which is because of the finite number of sample points that the spectrum analyzer (FSUP26, Rohde & Schwarz) can record. A close-up of the same signal with a span of 100 kHz and resolution bandwidth of 10 Hz correctly reveals this fine comb structure with 1 kHz spacing between the lines [top panel of Fig. 2(b) ].
Control of nonlinearity is a major challenge in a high-energy, multi-stage integrated fiber amplifier system where pulse propagation simulations [25, 27] guided us in determining the extent of required pulse stretching and attainable pulse energies. Our main criterion was to suppress nonlinearity so that self-phase modulation (SPM) and Raman scattering are reduced to acceptable levels, such that pulse compression below picosecond level is possible. This task is intricately coupled to optimization of gain levels and minimization of ASE, as explained below. One technical limitation was the size of gratings commercially available for pulse compression. In practice, the 20 cm width of the 1800 line∕mm transmission gratings that we could obtain sets the upper limit for pulse stretching, given a certain spectral width. For the spectra reported here, the gratings allowed stretching up to 2.3 ns near Litrow configuration with a separation of about 70 cm. At this setting, the third-order dispersion (TOD) of ∼1.4 ps 3 imposed by the gratings, if not compensated for, renders pulse compression below 10 ps impossible. A CFBG was utilized as it does not detract from the fiber integrated structure of the system and allows compensation of the TOD from the grating compressor. Simulation results demonstrated that, with a CFBG that matched the grating compressor with the opposite sign for TOD, a duration around 250 fs for compression of 40 μJ pulses was obtainable [ Fig. 2(c) for temporal profile and inset of Fig. 2(c) for the spectral profile]. Hence, a CFBG was integrated to the system at the output of the oscillator stretching pulses with a 21 nm wide spectrum up to 2.3 ns.
Guided by the simulation results, the multiple stages of amplification were optimized to minimize ASE, while achieving a balance between burst energy and pulse compressibility, as limited by SPM. The ASE optimization is described in detail below. The measured optical spectrum is shown in Fig. 2(d) , where the inset shows the seed spectrum. The nonlinear phase shift was estimated around 4π for the power amplifier section when amplified pulse energy reaches 40 μJ at output. The temporal profiles of the amplified pulses with energy of 40 μJ were characterized after compression with a long-range autocorrelator [ Fig. 2(e) ], while the system was operated at uniform repetition rate. Finally, we used the PICASO algorithm [28] to retrieve an estimate of the pulse form [ Fig. 2(f) ]. It should be mentioned that, for a complex pulse shape as this, the PICASO algorithm cannot be expected to give a completely reliable temporal profile. However, it is successful in matching the measured autocorrelation result with high precision as evidenced by the red dashed curve in Fig. 2(f) . Thus, it should be interpreted as a good indicator of the size of the pedestal and the effective pulse width. The retrieved pulse width (full width at half-maximum, FWHM) was 500 fs. This is longer than the simulation results by a factor of two. Part of this discrepancy because of the experimental spectrum being 10%-15% narrower than the simulated one. However, we attribute the main source of deviation to the highly structured experimental spectrum. This structure is mostly coming from a small amount of power being coupled to the orthogonal polarization mode or a higher spatial mode at different points along the nine stages of amplification. When small amounts of power (much less than %1) are coupled into another mode, which would have a slightly different group velocity, the main pulse and the small replica of the pulse co-propagate while maintaining almost complete temporal overlap since the pulses are chirped to 2.3 ns. Numerical simulations indicate that, during amplification of highly chirped pulses in the presence of strong SPM, energy can be transferred from the main pulse to the secondary pulses, which, in turn, can create a complex temporal structure as in Fig. 2(f) . This interesting, but limiting, phenomenon will be investigated further in the future and reported elsewhere.
The main limitation to burst energy arises from ASE generation in an effectively low repetition system like ours. Since ASE generation can easily be overlooked, it was investigated diligently together with gain performance in the stages which employed pulsed pumping. At first, the output of the threestage pulsed preamplifier was studied to obtain maximum burst energy while suppressing the ASE level. Varying the duration of the pump pulse applied at each stage while keeping the peak pump power at or close to the maximum level of ∼540 mW, pumping the first two stages with a lower energy level, and increasing it for the third stage resulted in the best combination of high burst energy and low ASE content. Thereby, a net (free of ASE) signal power of 16 mW (burst energy of 16 μJ) with an ASE content of 3% was obtained. All together, the three-stage, core-pumped preamplifier could amplify 100 ns bursts repeated at 1 kHz with a net signal gain of 25 dB and a pump-to-signal conversion of 16%, while limiting the ASE to signal ratio to less than 5%. The results indicate a threshold pump energy of 95 μJ for ASE generation. When compared with the performance of the single pulsed preamplifier (threshold of 16 μJ, conversion of 2.5%) in the previous version of the system [15] , a sixfold increase, both in threshold pump energy for ASE onset and pump-to-signal conversion efficiency for similar ASE level has been achieved via three-stage preamplification.
Having explored the optimum parameters for the pulsed preamplifier, we next investigated the power amplifier. The power amplifier consists of three stages, where the first and second stages are forward pumped by one and two 25 W diodes, respectively, while the final stage is backward pumped by three 25 W diodes. The performance at the output of each stage was analyzed. For the first two stages, identical drive signal is used which generates a pump pulse for the second stage that is temporally equal, but with twice the amplitude of that of the first stage. Thus, twice as much peak pump power and pump energy are applied to the second stage. In respect of this fact, the results for the first stage will be discussed together with the second one which represents the cumulative amplification of the two stages. This will be followed by the analysis of the final backward pumped stage driven with a pump pulse independent of the first two stages, where the input signal is taken as the output of the second stage.
To study the performance at the output of the first and second stages of the power amplifier, the input burst energy to the Research Article power amplifier was set to 10 μJ with ASE level near zero. The burst energy was reduced down from 16 μJ at the output of the pulsed preamplifier because of losses introduced by two high power PM isolators and the monitoring port located between the isolators. The near zero ASE content resulted from effective filtering of the isolators. This was critical since even a very small ASE content at input degrades the net signal amplification significantly by stealing the gain. The pump diodes were driven with pulses of 40, 50, 60, and 70 μs durations and 60%, 75%, and 100% of full power level. The net burst energy, total output, and ASE energy versus the pump energy are shown in Figs. 3(a) and 3(b) , for the output of the first and second stages, respectively. The results demonstrate a similar trend of converging amplified burst energy (230 μJ for the first and 290 μJ for the second one) and threshold behavior for ASE onset with increasing pump energy. The limit for net amplified burst energy shifts to a higher level for the two-stage amplification. Correspondingly, the same burst energy is obtained with a significantly less ASE level (220 μJ with 17% compared to 32% of first stage), and the threshold pump energy for ASE generation doubles from ∼0.5 mJ for the first stage to ∼1 mJ for the second one, demonstrating the ASE suppression effect of cascaded amplification. Figure 3(d) shows the fractional ASE content in the output of each stage which grows nearly linearly above the threshold indicating an exponential growth. The pump-to-signal conversion ratio [ Fig. 3(e) ], a critical parameter for a system based on energy storage, increases from below 10% with pump energy up to a maximum of 15% whereafter it degrades because of ASE taking over at output of both stage 1 and 2. However, the total output [ Figs. 3(a) and 3(b) ] grows fairly linearly, with a slope of 45% and 30%, for the two-stage and single-stage amplification, respectively, indicating operation in the unsaturated regime.
Next, pulsed pumping performance was measured at the output of the final backward pumped stage with prior pulsed amplification stages set to produce an input with a near zero ASE level. Figure 3(c) shows the amplification results for a net input burst energy of 50 μJ. The pump to signal conversion efficiency and amplified burst energy follow a similar trend with the preceding stages but both at a higher level. The conversion increases from 14% to 22% and degrades afterward [ Fig. 3(e) ] while the burst energy converges a little above 400 μJ. ASE is generated above a threshold pump energy level near 1 mJ similar to the two-stage amplification case [Figs. 3(c) and 3(d) ]. Overall, the results for the power amplifier indicate that there is a pump energy level for which the pump-to-signal conversion reaches a maximum and afterward starts decaying as any further increase in stored energy is converted to ASE. Further, measurements were also taken with signal input containing ASE and even just a few percent ASE caused a significant drop in the pump to signal conversion efficiency while the ASE growth was enhanced. For example, at pump energy of 1.5 mJ in the final stage, an input signal burst of 66 μJ and 3% ASE is amplified to a net energy of 380 μJ with 38% ASE content and 21% pump-to-signal conversion, while 190 μJ and 11% ASE is amplified to 320 μJ with an ASE of 56% and conversion of only 11%.
To shed light on the temporal dynamics of ASE buildup, ASE generation was temporally characterized at the output of the system [ Fig. 3(f) ], for the case of a pump pulse of 1.7 mJ and 40 μs duration, amplified net burst energy of 400 μJ, and 20% ASE ratio in the output. The temporal growth profile is fit well by an exponential, until the ASE growth also starts to saturate because of pump depletion. The time constant is 2.4 μs over a period of ∼10 μs before the signal burst arrives and terminates once the signal burst arrives at the 1 ms mark. Since the launched signal has no ASE content, the ASE growth initiating ∼30 μs after the onset of the pump pulse indicates a threshold of ∼1 mJ stored pump energy for the parameters considered here in agreement with Figs. 3(c) and 3(d) .
The exponential growth of ASE setting off above a threshold pump energy limits the pump-to-signal conversion. The critical question is whether there is a way to increase this limit and extract significantly higher levels of burst energy from fiber amplifiers for short duration (<500 ns) bursts. One way of attacking this problem is to increase the peak pump power so that the same pump energy can be stored in a shorter period, allowing less time for ASE buildup. This was tested in the power amplifier by applying the same pump energy with two different pulses, one of them twice as long as the other, in two different locations: first at the second stage and second in the backward pumped final stage. In the first case, the amplified signal for 1.3 mJ pump energy was compared for 20 and 40 μs pulse duration, and longer pulse yielded ∼50% higher net signal output with nearly two times the ASE-to-signal ratio. In the second case of backward amplifier, 1.3 mJ of pump energy with durations of 30 and 60 μs, and 0.9 mJ with durations of 42 and 21 μs were tested and, in both cases, the shorter pump pulse with higher peak power did not produce a noteworthy improvement, either in the signal-to-ASE ratio or in the pump-to-signal conversion. It may be necessary to increase the peak pump power to even higher levels and use pump pulse durations close to the 10 μs level or less, to really test the effect of shorter pump pulses on ASE suppression, which would require boosting the current pump capacity of our system significantly. Increasing gain fiber lengths, in addition to using such high peak power pump pulses, may also boost the amplified burst energy by increasing pump energy storage and thereby signal gain. However, this also increases the possibility of giant pulse formation that can damage the system, and further increase detrimental nonlinear effects. Note that the system is close to the limits of pulse stretching because of the commercially available largest compressor currently in use, and cannot tolerate a substantial increase in nonlinearity. For the same reason, the obvious alternative of increasing the number of amplifier stages is not really viable, even before considering the undesirable effects on the spectrum which are mentioned above in the discussion on pulse compression results. Yet, another possibility of achieving a higher level of burst energy at the output is by placing an AOM at the input of the final stage of the power amplifier and maximizing the input signal burst energy to this stage, while eliminating ASE that comes with it using the AOM. This way, energy extraction limit is not actually raised in any of the stages, but cumulative amplification can be boosted by relaxing the near zero ASE enforcement at the input of the final stage which limits the signal burst energy here and, thereby, the amplified signal at the output. Considering the amplification results at the output of the second and final stages, an increase in the 200-300 μJ range can be expected in the output burst energy that is as long as nonlinear effects allow. However, the large-mode DC fibers used in the power amplifier may require a free-space AOM for ASE elimination, which will impair the all-fiber architecture of the system, as well as increase complexity. Finally, more than 30-fold improvement in the ASE threshold obtained with Yb 1200 20/125 DC fiber in the single stage forward pumped amplification, compared to the single-mode single stage preamplifier, points to the energy storage capacity of the fiber. The increase in the threshold is in the same order with the ratio (∼40) of total active ion population of the DC Yb fiber used to that of the single mode one. Note that it is the energy storage capacity which is a function of total active ion population that seemingly raises the ASE threshold, not the gain which is a function of active ion concentration. In fact, the gain enhances ASE generation and it is lowered by using relatively short active fibers to suppress ASE in the pulsed amplification stages of our system. Accordingly, gain fibers with larger core and pump cladding dimension that can store higher levels of pump energy might have the potential to raise the ASE threshold and enable higher burst energy extraction, as long as nonlinear effects can be kept under control. However, it should be mentioned that such fibers with larger cross sections may cause adversities, such as reduced output beam quality which is currently close to an M 2 of 1 in our system and technical difficulties because of splicing complications.
CONCLUSION
In conclusion, we have demonstrated an all-fiber laser system centered at 1040 nm, generating 10-pulse bursts with 400 μJ energy at a 1 kHz repetition rate. The average energy per pulse is 40 μJ and pulse-to-pulse separation is 10 ns. By incorporating a CFBG with dispersion matching that of the grating compressor, the pulses could be compressed to 500 fs. We have characterized and minimized ASE generation, while keeping a reasonably high burst energy and low fiber nonlinearity at the cost of relatively reduced pumping efficiency. We consider this to be a worthwhile trade-off because of low complexity and cost of laser diodes that can be used to pump Yb-fiber lasers. ASE generation, which is the main limitation to burst energy has been characterized in detail, and the presence of a threshold pump energy for ASE generation was established as a characteristic of pulsed pumping regime. Possibilities for further improvements are discussed which involve applying pump pulses with considerably higher peak power and short duration comparable to ASE buildup period, maximizing input signal energy to the final stage while eliminating ASE via an AOM before that stage, and finally using gain fibers with larger cross sections with higher pump energy storage capacity.
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